We have developed a new assay that differentiates between indoleacetic acid (IAA)-producing and -nonproducing bacteria on a colony plate lift. Medium supplemented with 5 mM L-tryptophan is inoculated with isolates of interest, overlaid with a nitrocellulose membrane, and then incubated until bacterial colonies reach 1 to 2 mm in diameter. The membrane is removed to a filter paper saturated with Salkowski reagent and incubated until distinct red haloes form around the colonies. The colorimetric reaction to IAA is limited to a region immediately surrounding each colony, is specific to isolates producing IAA, occurs within 1 h after the membrane is placed in the reagent, and is sensitive to as little as 50 pmol of IAA in a 2-mm2 spot. We have used this assay for quantifying epiphytic and endophytic populations of IAA-producing isolates of Pseudomonas syringae subsp. savastanoi and for detecting IAA-producing colonies of other pseudomonads and Erwinia herbicola. The assay provides a rapid and convenient method to screen large numbers of bacteria.
Colorimetric methods have long been employed for the detection of indoleacetic acid (IAA) produced by plants and microorganisms (6) . Determination of the IAA-producing capability of a microorganism is useful in its identification and provides a valuable marker when examining the physiological roles or ecological significance of IAA in establishment and persistence of the organism (1, 15) . Current methods for the analysis of IAA production by bacteria requires cell-free supernatants or purified extracts (7, 8) . These methods are time consuming and complicated, and some require the use of sophisticated instruments. They also require individual testing of each isolate, resulting in a substantial investment of time, labor, and supplies when large numbers of bacteria are analyzed. Although these methods can be very precise, a purely qualitative determination of IAA production may be all that is required to achieve research objectives.
In this paper we report the development of a rapid, specific, and convenient method for the qualitative analysis of IAA production by Pseudomonas syringae subsp. savastanoi and other bacteria. Large numbers of bacterial colonies can be screened simultaneously with high resolution and accuracy.
(Portions of this work have been reported elsewhere [2] .)
MATERIALS AND METHODS
Bacterial strains. Strains of bacteria examined, phenotypes, and origins are summarized in Table 1 . Strain PB213 of P. syringae subsp. savastanoi (Smith) Stevens (P. savastanoi), which produces IAA in culture, was used throughout this study. The presence of plasmids encoding IAA production was confirmed routinely by using the alkaline lysis miniprep technique followed by electrophoresis on a 0.5% agarose gel (3, 5, 12 examined. The reaction was allowed to proceed until adequate color developed. All reagent incubations were conducted at room temperature. Bacteria producing IAA were identified by the formation of a characteristic red halo within the membrane immediately surrounding the colony. Sensitivity and specificity of the assay. A dilution series with concentrations of IAA from 0.05 to 8 nmol per 0.5-,ul aliquot was applied directly onto nitrocellulose disks in a grid pattern of two replications of each dilution. A similar grid format was employed in tests that compared specificity of the assay for IAA relative to other indole compounds. Stock solutions of IAA and indole compounds were freshly prepared as ethanol solutions, and dilutions were made in distilled water (IAA) or ethanol (indoles). The resulting spots formed on the nitrocellulose membranes were approximately 2 mm in diameter, approximately the size of bacterial colonies when assayed.
The specificity of the assay was assessed by comparing IAA with indolebutyric, indolepyruvic, and indolepropionic acids as well as the IAA conjugates IAA-alanine, IAAaspartate, and IAA-glycine. The IAA precursor L-tryptophan was included as a negative control. Each row of the grid format contained four replicates of one compound at a concentration of 1 nmol per 0.25-,lI aliquot. All test compounds were purchased from Sigma Chemical Co.
Membranes were assayed on Whatman no. 2 filter pads saturated with Salkowski reagent A. In early trials, membranes were incubated for up to 3 h to allow the possible development of any weakly reactive compounds or dilutions. In later experiments, all membranes were incubated for a minimum of 30 min, which was determined to be the optimum development period for these tests.
Colony hybridization analysis. After the nitrocellulose membranes were removed for IAA analysis, nylon membranes (Nytran) were overlaid on plates with colonies selected for identification by gene probe analysis. These plates were incubated until colonies reached 1 to 2 mm in diameter on the membranes. The plates were then subjected to colony hybridization analysis (12) . Briefly, membranes were prehybridized in a solution containing 1.5 x SSPE (12), 1% sodium dodecyl sulfate, 0.2% polyanetholesulfonic acid, 50% formamide, and single-stranded salmon sperm DNA for 2 h at 49°C and then incubated overnight in hybridization solution that contained the same components as the prehybridization solution plus 10% polyethylene glycol and 25 ng of DNA derived from the IAA operon of strain PB213 labeled with
[32P]dCTP (Amersham) with a BRL random prime kit as recommended by the manufacturer. The probe was a gelpurified 2.8-kb internal EcoRI fragment from pLUC2, which includes all of iaaM and a portion of iaaH, the genetic determinants in P. savastanoi for tryptophan 2-monooxygenase and indoleacetamide hydrolase, respectively (4, 10). After removal of excess probe, the membranes were analyzed by autoradiography with Kodak XAR-5 film for visualization.
RESULTS AND DISCUSSION
Assay development and optimization. Colonies of P. savastanoi PB213 (Iaa+) immobilized on a nitrocellulose membrane and then treated with Salkowski reagent A produced a deep red ring in the membrane surrounding the colonies (Fig.  1) . The color of the reaction is similar to that produced with IAA in solution assays with this reagent (8) . The reagent also exhibited a high level of specificity for other IAA-producing bacteria such as E. herbicola, and the color reactions (data not shown) with these bacteria were identical to that for PB213. P. savastanoi PB213-3 (Iaa-) ( Fig. 1 ) and other bacteria not producing IAA effected no color change in the membrane and were easily distinguishable by visual inspection. No color reaction occurred with a gall-forming isolate of A. tumefaciens containing the tms-i and tms-2 genes, which are thought to be required for IAA synthesis in plant tumors and have extensive homology with the iaaM and iaaH genes of P. savastanoi (16) (Fig. 1) . Whatman no. 1, 2, 5, 540, and 3MM paper disks allowed adequate bacterial growth but proved too porous to limit IAA accumulation to a discrete zone surrounding a bacterial colony. Nylon membranes were cleared by the test reagent, which revealed and discolored the fiber matrix, making interpretation difficult. Chargemodified DEAE-cellulose and Nytran membranes were investigated to determine whether anionic IAA molecules could be bound at the colony site to limit diffusion. This was not the case, perhaps because of the strongly acidic nature of the Salkowski reagent.
We examined various Whatman papers upon which to overlay the membranes and found no. 2 to perform best. Diffusion was limited to the immediate vicinity of the colony, which resulted in a high degree of resolution. Sufficient reagent was absorbed to keep the colony lift saturated throughout color development. Excessive diffusion was avoided by saturating the paper to slightly less than capacity (2.5 ml of reagent for a 9-cm disk). Both formulations of the Salkowski reagent were acceptable, but the perchloric acid reagent proved to be superior in a number of ways. The perchloric acid reagent yields a deep red color at sites of IAA accumulation on the membrane that develops after approximately 30 min and increases in intensity for 4 h, with excellent resolution of Iaa+ and Iaa-phenotypes within 1 h. Nonspecific background reactivity is limited to a slight yellowing of the membrane that is apparent several hours after evaluation of IAA. The reaction with the sulfuric acid reagent occurs more slowly and yields a purple hue that is visible after approximately 2 h and gradually darkens. Formation of a pale violet background of the membrane interferes with detection of isolates that produce low amounts of IAA. Additionally, discoloration of bacterial colonies may occur, further complicating analysis. The color reaction with the sulfuric acid reagent requires approximately four times as long to equal the intensity of that with the perchloric acid reagent and never achieves a similar final intensity.
Uniform exposure of colonies with the Salkowski reagent is required for optimum sensitivity. The reagent is somewhat volatile; hence it is important to provide sufficient volume during color development. Insufficient reagent volume resulted in little or no color development with Iaa+ colonies. Direct saturation of the membrane by floating it on assay solution increased diffusion of IAA from the membrane into the reagent and decreased resolution of colonies. Incubating the membrane above a filter paper saturated with reagent maintained the membrane in a saturated state by wicking the reagent from beneath without allowing excessive diffusion of IAA from the site of production.
Best results were obtained with bacterial colonies of approximately 0.5 to 2 mm in diameter before analysis. This size provided adequate growth for synthesis and excretion of detectable levels of IAA without allowing excessive diffusion of IAA to adjacent colonies.
The presence in the media of the IAA precursor L-tryptophan was essential for this method of detecting IAA production by the bacterial isolates examined. Bacteria produced detectable levels of IAA when grown on media prepared from compounds containing L-tryptophan (e. (Fig. 1) . Colony hybridization analyses confirmed that all colonies producing IAA also hybridized to and gave a strong signal with the DNA probe containing portions of the IAA operon of P. savastanoi (Fig. 1) . To further verify the fidelity of the assay for detecting IAA production by colonies recovered from a known epiphytic bacterial population, strawberry plants in the greenhouse were inoculated with a spontaneous rifampin-resistant isolate of strain EW2009. The leaves were sampled, and the washings were plated on LBTD4 containing 50 ,ug of rifampin per ml. All colonies recovered on the plates effected a positive color reaction for IAA in the membrane assay.
A flow chart outlining the principal steps of the IAA assay is presented in Fig. 3 bacteria isolated from plants in studies of the establishment and persistance of epiphytic and endophytic P. savastanoi (13) . In addition, we have used this method for the detection of IAA-producing pseudomonads recovered from blossoms of French prune (unpublished data). Another simple method for the detection of certain pseudomonads on plant tissues relies on their ice-nucleating ability (11) . The assay reported in this paper provides a useful addition to the methods available for the detection and enumeration of Pseudomonas spp. and other bacteria for which IAA production is an appropriate criterion.
